Abstract: The 13 C-and 1 H-NMR chemical shifts of thirteen N(1)-(4-substituted phenyl)-3-cyano-4,6-dimethyl-2-pyridones were measured in deuterated dimethyl sulfoxide (DMSO-d 6 ). The correlation analysis for the substituent-induced chemical shifts (SCS) with σ p , inductive (σ I ) and different scale of resonance (σ R ) parameters were performed using the SSP (single substituent parameter), DSP (dual substituent parameter) and DSP-NLR (dual substituent parameter-non-linear resonance) methods. The results of the calculations concerning the polar and resonance effects satisfactorily describe the substituent effects at the carbon atoms of interest. The mode of transmission of the substituent effects, both inductive and resonance, in relation to the geometry of the investigated pyridones is discussed.
INTRODUCTION

N(1)-(4-
phenyl)-3-cyano-4,6-dimethyl-2-pyridones are not only important intermediates in the synthesis of dyes, pigments, fuels and oil additives, but also in the development of medicinal products having a broad spectrum of biological activities depending on the derivative. It is worth mentioning their analgesic and antihypertensive, anti-anaphylactic, diuretic and sodiodiuretic, antioxidant, antiviral and antimicrobial properties. 1 Biologically degradable agrochemical products, plant growth regulators, pesticides, and herbicides are also synthesized from pyridone derivatives. 2−4 Chemical shifts in 13 C-and 1 H-NMR spectra are frequently used for the study of the transmission of electronic effects of substituents in organic molecu-514 MARINKOVIĆ et al. les. Analysis of the 13 C-and 1 H-NMR substituent chemical shifts (SCS) is based on the principles of linear free energy relationships (LFER) using the Equation for single substituent parameter (SSP) or dual substituent parameter (DSP) in the forms:
where ρ is a proportionality constant reflecting the sensitivity of the 13 
This gave the best correlation of para-SCS in p-disubstituted benzenes, 5 as well as in eight β-substituted styrenes, 6 3-phenyl and 3-thienyl-2-cyanoacrylamides 7 and N-1-p-substituted phenyl-5-methyl-4-carboxy uracils. 8 In this study, linear free energy relationships (LFER) were applied to the 13 C-and 1 H-NMR chemical shifts in N(1)-(4-substituted phenyl)-3-cyano-4,6-dimethyl-2-pyridones, with the aim of obtaining insight into the factors determining the chemical shifts in the investigated compounds. The transmission of polar and resonance electronic effects in the investigated compounds ( Fig. 1) , from the substituent (X) in the phenyl group to the carbon atoms of the pyridone and phenyl ring, as well as to the 5-H hydrogen, were studied using Eqs. (1), (2) and (3).
EXPERIMENTAL
All the N(1)-(4-substituted phenyl)-3-cyano-4,6-dimethyl-2-pyridone derivatives were synthesized as described in the literature. 9 The structures of the studied compounds were determined using UV, IR, 13 C-and 1 H-NMR and MS data. The IR spectra were recorded on a Bomem MB 100 FTIR spectrophotometer in
the form of KBr pellets. 9 The 13 C-and 1 H-NMR spectral measurements were performed on a Bruker AC 250 spectrometer at 200 MHz. The spectra were recorded at room temperature in deuterated dimethyl sulfoxide (DMSO-d 6 ). The chemical shifts are expressed in ppm, referenced to the residual solvent signal at 39.5 ppm. The chemical shifts were assigned by the complementary use of DEPT, two-dimensional 1 H- 13 C correlation HETCOR and by selective INEPT long-range experiments. All mass spectra were recorded on a Thermo Finnigan Polaris Q ion trap mass spectrometer, including a TraceGC 2000 (ThermoFinnigan Corp., Austin, TX, USA) integrated GC-MS/MS system.
Geometry optimization
The reported conformation of the molecular forms were obtained by the semi-empirical MO PM6 method, 10a 
RESULTS AND DISCUSSION
The chemical shifts of the corresponding pyridone ring carbon atoms and the hydrogen at 5-position of the pyridone ring, as well as the para-carbon in the phenyl ring (C(1'-Ph)) for investigated compounds are given in Table I in terms of the substituent chemical shifts (SCS) relative to the parent compound.
The values of the SCS in Table I indicate that the substituent at the phenyl ring has a relatively small influence on the electron density at all the pyridone ring carbon atoms but is considerable for the C(1'-Ph) carbon of the phenyl ring. The chemical shifts of the C(4-Pyr), having small differences in the chemical shifts, are of no statistical values for analysis.
The aromatic ring electron-donor substituents cause a decrease of the electron density at the C(6-Pyr) carbon atom (downfield shift, including the F substituent), indicating that a reverse substituent effect operates at the C(6-Pyr) carbon. The opposite is true for electron-acceptor substituents. Electron-donor substituents increase the electron density at the other carbon atoms and H(5-Pyr) (upfield shifts), including halogens for C(5-Pyr) and C(1'-Ph) carbons. From the comparison of the SCS values for the pyridone carbon atoms, it could be concluded that the C(5-Pyr) and C(3-Pyr) atoms are better shielded than the others, which probably could be attributed to their position in the conjugated system of the pyridone ring. According to the data in Table I , it could be proposed that the geometry of the investigated pyridones plays an important role, probably arising from the out-of-plane rotation of the phenyl rings for a certain torsion angle θ (Fig. 1 ).
Thus, a definite molecular geometry is created, which is a consequence of the transmission modes of the substituent electronic effects (n,π-or π,π-conjugation). 12, 13 An aromaticity study by the NMR technique indicated that 2-pyridones have approx. 35 % of the aromatic character of benzene, 14 as defined by the ability to sustain an induced ring current. This fact also indicates to the possibility of a definite non-planarity of the 2-pyridone moiety. (1) To explain this observation, LFER analysis was applied using the SSP equation (Eq. (1)) and σ p values from literature. 15 The obtained results are given in Table II . 
Based on the sign of the constants ρ in correlations from Table II , it can be concluded that the effect of substituents on the phenyl ring have the same direction at all the carbon atoms, with the exception of C(6-Pyr), where it was the opposite. Much better results of the correlation coefficients (r), standard deviation (s) and F for H(5-Pyr) atom were obtained if the hydroxy group was assigned the Table III. The results of the correlation analysis from Table III Table III show the dependence of the inductive effects on the molecular geometry of the investigated compounds. The ρ R values depend on the σ scale used, which proves that the demand of the carbon atoms of investigated compounds for electrons is significantly different. The correlations of the SCS values for the pyridone derivatives was performed according to a literature method of reference 5 to determine the electronic demand of the carbon atoms, applying DSP-NLR analysis. The results are given in Table IV .
The results given in Table IV show the correlations of the SCS of all carbon atoms obtained using the DSP-NLR Equation (Eq. (3)) were as good, or much better. Generally, based on the above results, it can be concluded that two opposing effects, i.e., substituent electronic effects in the phenyl ring and electronic interactions in the pyridone part of the molecules are balanced, giving an overall effect on the chemical shifts of all the carbon atoms. The two separate π-polarizable systems, i.e., the substituted phenyl and the pyridone rings, are defined by MO PM6 calculations. The optimized structures show the unambiguous perpendicular orientation of these rings for all the investigated compounds, except for the NO 2 substituted molecule, which is twisted by 72° from the plane of the pyridone ring. Transmission of the resonance effect from the substituted phenyl ring is efficiently suppressed in this way and the optimized structure is presented in Fig. 2 for the parent compound. The calculated ρ I and ρ R values from Table IV indicate a prevalent polar (inductive/field) effect on the C(2-Pyr) and C(6-Pyr) carbon atoms of the pyridone ring. It can be noted that ρ I and ρ R are negative for the C(6-Pyr) carbon atom, while those for the other carbon atoms are positive. A negative sign of ρ I is indicative of a reverse SCS effect, i.e., inductive electron-acceptor substituents cause an upfield shift, which is considered to be due to π-polarization. 18 A similar effect has been observed in other systems, i.e., in 3-aryl-2-cyanoacrylamides, 7 N--benzylideneanilines, 19 2-substituted-5-(-dimethylamino)phenyl dimethylcarbamates, 20 and in other systems containing a conjugated side chain.
As is cited in the literature, π-polarization of a distant π-system by a substituent dipole need not be transmitted via an intervening π-system, 18 and theoretical results have demonstrated that a substituent dipole acts mainly in polarizing each of the π-units individually. 21 This is defined as localized polarization. On the other hand, the terminal atoms of a conjugated π-system show some additional polarization of the whole π-network. This component is termed extended polarization.
Transmission of substituent electronic effects could be presented by mesomeric structures of the investigated pyridones and the contribution of π-polarization (Fig. 3) . In structure (1), if X is an electron-acceptor substituent, a dipole on X (or near the C-X bond) is induced (structure (3)) and interaction of this dipole through the space of the molecule results in polarization of the individual π-units (localized polarization). The reverse is true for electron-donor substituted compounds (structure (5)). The polarization mechanism of small localized π-units, presented by structures (3) and (5), is very important as well as polarization of the entire conjugated system of the investigated compounds (extended polarization). Resonance interaction in the extended conjugated system of the pyridone ring (structure (2)) has an opposing effect to the polarization caused by an electron-acceptor substituent (structure (4)). The net result is that the electron-acceptor substituents increase the electron density about the C(6-Pyr) carbon, hence, the increased shielding caused an upfield shift. Reversely, electron-donor substituents support the resonance interaction in the pyridone unit, which could be attributed to a potential delocalization of the electron lone pair at the N(1) nitrogen.
The correlation between the SCS values of the C(1'-Ph) atom and the substituent parameters using the DSP-NLR method (r = 0.996 and f = 0.095) shows that the demand for electrons of this atom is ε = -0.28. Sign and value of the parameter ε show that the pyridone ring, according to literature data for the COOEt group of -0.48, 5 attached to the C(1'-Ph) atom has a moderate electron-acceptor character. This fact probably could be explained by a small contribution of the mesomeric structure (2), which has a higher electron-accepting power.
A somewhat lower demand for electrons (ε = -0.18) was observed for the C(2-Pyr) atom of the pyridone ring. The low polarizability of the π-carbonyl electrons is influenced by the vicinity of an electron-accepting oxygen, which contributes to a lower sensitivity.
The C(6-Pyr) carbon has the highest demand for an electron (ε = -1.50). Electron-acceptors cause an increased electron density at this carbon (structures (3) and (4)), opposing the conjugation present in the pyridone unit, while electron donors have the opposite effect (structures (5) and (6)). The C(3-Pyr) carbon has an ε value of 0.20, the higher electron density being the result of the neighboring cyano group, which increases the electron density at this carbon. A similar literature value 5 of ε for an NMe 2 group (0.25) proves that the electron density of the pyridone ring is shifted to the carbonyl group. The electron demand for the C(5-Pyr) carbon is -0.24, which indicates a significantly lower deficiency of electron density than the C(6-Pyr) carbon.
The contribution of the individual electronic effects of substituents on the phenyl ring to the carbon atoms of the pyridone ring and the C(1'-Ph) of the phenyl ring can be analyzed based on the ratio λ = ρ R /ρ I . Using the values of ρ R and ρ Ι from Table IV, indicates a significant decrease only for the C(6-Pyr) carbon atom, which has the highest electron demand (ε = -1.50), which probably suggests that the localized π-polarization effect is dominant in this part of the molecule.
The contributions of resonance and inductive substituent effects at the C(3-Pyr) and C(2-Pyr) atoms are balanced, while the resonance effect is dominant at the C(5-Pyr) atom. According to their position in the pyridone conjugated system and the influence of substituent electronic effects, the C(5-Pyr) carbon atom is more susceptible to the net π electron shifts caused by a substituent.
The electronic substituent effects are transmitted through the phenyl ring by resonance and inductive/field interaction toward the C(1'-Ph) carbon by developing different charges at the phenyl carbon atoms. The electron density, according to MO calculation, is localized at the C(2'-Ph)−C(3'-Ph) and C(5'-Ph)−C(6'-Ph) carbons for all compounds investigated. The large attenuation effect of the electronic substituent effects transmission to N(1) atom is influenced by the geometry of two perpendicular rings. Electron-donor substituents develop a negative charge at the C(1'-Ph) carbon (Fig. 3, structure (6) ), while the opposite is true for electron-acceptors (Fig. 3, structure (4) ). Only in the compound with the NO 2 group, which has strong negative inductive and resonance effects, did a decrease in the torsion angle occur and thus, the n,π-conjugation was increased.
The net electronic effect from substituents to the π-electron of pyridone system is transmitted mainly by inductive/field effects. Repulsion between π-electrons of the carbonyl group and the electron rich phenyl ring in electron-donor substituted compounds cause a somewhat higher interaction with the electron of the C(6-Pyr)-C(5-Pyr) double bond through space, thus the deshielding of the C(6-Pyr) carbon is higher. The opposite is true for electron-acceptor substituted compounds. According to the MO calculation, the electron density of the π-pyridone system is localized at the C(6-Pyr)−C(5-Pyr) and C(3-Pyr)−C(2-Pyr) carbons for all the investigated compounds. Thus, the substituent electronic effects are mainly reflected in the polarization of small π-polarizable units of the pyridone ring.
CONCLUSIONS
In summary, it can be concluded that the DSP-NLR analysis of the obtained results revealed that the applied method was successful for the correlation of the SCS values of the investigated compounds. All correlations were of good precision, indicating that the substituent effects on the 13 C-NMR chemical shifts in this series are due to electron transfer. The inductive/field effect is the dominant factor for some of the observed carbon atoms of the pyridone ring. The resonance effect is the most prominent on the C(1'-Ph) carbon, while the reverse substituent effect was observed at the C(6-Pyr) atom, as a consequence of π-polarization.
